Smad4 loss occurs frequently in human skin squamous cell carcinoma (SCC), but it is unknown if this loss increases ultraviolet-induced (UV) carcinogenesis, a major etiological factor in skin cancer. In the present study, mice with keratinocyte-specific Smad4 deletion (K14.Smad4 −/− ) and wildtype (WT) littermates were chronically UV-irradiated. Compared to WT, K14.Smad4 −/− mice exhibited increased DNA damage and increased susceptibility to UV-induced skin cancer. Among genes involved in repairing UV-induced DNA damage, Excision repair cross-complementation group1 (Ercc1) mRNA was significantly reduced in UV treated K14.Smad4 −/− skin compared to WT skin. Further analysis revealed that Smad4 loss confers reduced Snail binding to the Ercc1 regulatory elements, resulting in reduced Ercc1 transcription. Consistently, transient transfection of Snai1 into Smad4 −/− keratinocytes led to increased repair of UV-induced DNA lesions. Transfection of Ercc1 into Smad4 −/− keratinocytes restored repair of UV-induced DNA damage. Further, immunostaining revealed that the presence of Smad4 protein is associated with the presence of Snail and Ercc1 proteins in human skin SCC and precancerous actinic keratoses (AK). Collectively, Smad4 loss associated Snail reduction compromises Ercc1-mediated DNA repair, contributing to increased UV-induced skin carcinogenesis. Thus we identified a role for Snail in UV-induced DNA repair.
Introduction
Solar ultraviolet (UV) radiation is the primary cause of skin cancer. Non-melanoma skin cancer, including basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), is the most common form of skin cancer (Foster et al., 2008) . Solar UV radiation is comprised of UVA (315-400nm), UVB (280-315nm) and UVC (100-280nm), wherein UVB is a strong carcinogen (de Gruijl and Van der Leun, 1994; Narayanan et al., 2010) .
The transcription factor Smad4 is a signaling mediator for transforming growth factor β (TGFβ), activin, and bone morphogenetic protein (BMP) (Moustakas et al., 2001) . Smad4 down regulation, at the gene level through loss of heterozygosity (LOH) or at the protein level, is frequent in human skin SCCs (Hoot et al., 2008) . Mice with keratinocyte-specific Smad4 deletion develop spontaneous SCCs (Qiao et al., 2006; Yang et al., 2005) . We have found that Smad4 loss in the oral mucosa causes functional defects in the Fanconi Anemia (FA) and BRCA1 DNA repair pathways, and spontaneous head and neck SCC (Bornstein et al., 2009) . It remains to be determined if Smad4 loss affects repair of other types of DNA damage. Because UV-induced carcinogenesis is primarily initiated by DNA damage, and not all DNA repair genes are in the FA pathway, we sought to determine if Smad4 plays a role in the repair of UV-induced DNA damage and thus Smad4 loss increases susceptibility to UV-induced skin carcinogenesis.
UV radiation causes DNA damage primarily due to generation of cyclobutane pyrimidine dimers (CPD) and pyrimidine pyrimidone (6-4PP) photoproducts. CPD and 6-4PP are repaired primarily by the nucleotide excision repair (NER) pathway (Leibeling et al., 2006) . Xeroderma pigmentosum (XP) patients with defective NER exhibit 1,000 fold increased susceptibility to skin cancer (Kraemer et al., 1987) . There are seven XP genes involved in this pathway, XPA through XPG (Leibeling et al., 2006) . Ercc1 is an endonuclease that, along with XPF, excises a short oligonucleotide encompassing a UV-induced lesion, which is followed by replicative DNA polymerases filling in the gap, using the complementary strand as the template (Nouspikel, 2009) . Keratinocyte specific deletion of Ercc1 in mice causes hypersensitivity to UV-induced skin cancer, demonstrating the critical role of Ercc1 in repairing UV-induced DNA damage (Doig et al., 2006) . Genetic mutation or loss of Ercc1 is rare in humans. In this report, we examined the effect of keratinocyte specific Smad4 deletion on UV-induced skin carcinogenesis and focused our molecular analysis on repair of UV-induced DNA damage. We provide evidence that Smad4 regulates Ercc1 expression through Snail-mediated transcription, thus Smad4 deletion contributed to increased susceptibility to UV carcinogenesis. mice were shaved and subjected to UVA and UVB irradiation three times a week for 40 weeks. We started with a dose of 1 J/cm 2 of UVA and 0.12 J/cm 2 of UVB, which did not induce erythema in either group. Therefore, we increased UV irradiation to 10 J/cm 2 of UVA and 1.2 J/cm 2 of UVB to induce erythema and gradually reduced UV doses (detailed in Figure S1 ) to enable long-term UV irradiation without morbidity due to severe UVinduced damage, ending with 4.3 J/cm 2 of UVA and 1.74 J/cm 2 of UVB. Without UV exposure, K14.Smad4 −/− mice did not develop spontaneous skin tumors, unlike previously reports for MMTV.Smad4 −/− or K5.Smad4 −/− mice (Qiao et al., 2006; Yang et al., 2005) presumably due to patchy and weak Cre activity in K14.CrePR1 mice (Vassar et al., 1989; Wagner et al., 2001; Wang et al., 1997; Zhou et al., 2002) . Interestingly, within 10 weeks of UV irradiation, K14.Smad4 −/− mice started to develop skin tumors, and by 40 weeks, 24 out of 29 mice developed skin tumors (Figure 1b) . In contrast, none of the control mice developed tumors during the study period (Figure1b), consistent with previous reports that C57BL/6 mice are extremely resistant to UV carcinogenesis (Strickland and Swartz, 1987) . Histological examination revealed that UV-induced K14.Smad4 −/− tumors were SCCs ( Figure 1c ).
Smad4 −/− keratinocytes exhibit defects in repairing UV-induced DNA damage
We analyzed expression of phosphorylated H2AX (p-H2AX), a marker of DNA damage (Hanasoge and Ljungman, 2007; Marti et al., 2006) , in UV-irradiated WT skin and K14.Smad4 −/− skin and tumors. K14.Smad4 −/− skin and tumors showed a 68% and a 192% increase, respectively, in the number of p-H2AX positive cells compared to WT skin (Figure 2a, 2b) . This data suggested that DNA repair of UV-induced lesions may be reduced in the skin of K14.Smad4 −/− mice. To determine if increased DNA damage in UV-irradiated K14.Smad4 −/− skin reflects inherent defects in DNA repair after Smad4 loss, we assessed levels of spontaneous DNA damage in primary keratinocytes from neonatal K14.Smad4 −/− and WT skin by alkaline comet assay (Figure 2c ). Smad4 −/− keratinocytes exhibit a 16.5% increase in comet tail DNA compared to WT keratinocytes, representing higher numbers of double and single strand DNA breaks (DSB and SSB) (Figure 2d ).
To focus on UV-induced DNA damage, we measured CPD levels in WT and Smad4 −/− keratinocytes irradiated with 60 mJ/cm 2 of UVB (Figure 2e ). Consistent with a previous report (Nguyen et al., 2010) , CPD levels within the first 30 minutes reflected the UV dose and there was no statistically significant difference between the two cell types. Afterwards, CPD levels began to decline in WT cells presumably due to DNA repair. In contrast, CPD levels remain unchanged in Smad4 −/− keratinocytes. These results suggest that accumulated DNA damage is a direct effect of Smad4 loss in keratinocytes.
Reduced expression of Ercc1 mRNA and protein in UV-irradiated K14.Smad4 −/− skin To dissect the mechanism underlying reduced DNA repair in Smad4 −/− keratinocytes, we compared gene expression in WT and Smad4 −/− keratinocytes using a mouse DNA damage signaling pathway RT-PCR array and found reduced expression of Ercc1, Checkpoint homolog (Hus1), Checkpoint kinase 1 (Chk1), Exonuclease 1 (Exo1), Chromatin assembly factor 1a (Chaf1a) and Meiotic recombination 11 homolog A (Mre11) genes in Smad4 −/− cells ( Figure 3a) . Among DNA repair genes down regulated in Smad4 −/− keratinocytes, none are documented direct Smad4 targets (Koinuma et al., 2009) . Hence, the effect of Smad4 on these genes requires additional mediators, which could vary among these targets. We began with examination of Ercc1, which has an indispensable role in excisional repair of UVinduced damage (Chipchase and Melton, 2002) and was the most down regulated gene in Smad4 −/− keratinocytes ( Figure 3a ). We measured Ercc1 mRNA levels in UV-irradiated WT and K14.Smad4 −/− skin and observed an 81% reduction of Ercc1 mRNA level in Smad4 −/− skin compared to WT skin (Figure 3b ). Ercc1 immunostaining of UV-irradiated WT skin was localized to the nucleus, it was dramatically reduced in K14.Smad4 −/− epidermis and in K14.Smad4 −/− SCCs (Figure 3c ).
Reduced expression of Ercc1 mRNA and protein in K14.Smad4 −/− skin is a result of reduced Snail expression
To further study mechanisms of Ercc1 reduction we searched for putative transcription factor binding sites in the 2kb promoter region of the mouse Ercc1 gene using P-Match software. We did not find putative Smad4 binding sites, but instead found several putative binding sites (CANNTG) for the transcription factor Snail in the promoter and near the transcription start site (TSS) of Ercc1 ( Figure S4a ). Snail, a protein encoded by the SNAI1 gene, is a direct Smad4 target (Hoot et al., 2008; Peinado et al., 2003) so we investigated the possibility of Smad4 regulation of Ercc1 through Snail. Next, we examined Snai1 expression level by qRT-PCR in UV-irradiated WT and Smad4 −/− keratinocytes ( Figure 4a ). Snai1 mRNA was induced by UV irradiation in both keratinocytes, although the level in Smad4 −/− keratinocytes continued to be lower than WT at all time points (Figure 4a ). Similarly, we found an 86% reduction in Snai1 level in UV-irradiated K14.Smad4 −/− skin compared to UV-irradiated WT skin (Figure 4b ). We also examined Ercc1 mRNA levels in these samples and, consistent with a previous report (Murakami et al., 2001) , it was induced by UV irradiation in WT and Smad4 −/− keratinocytes, but the level was 2-fold lower in Smad4 −/− keratinocytes than in WT keratinocytes with or without UV irradiation ( Figure  S2 ).
To further test if reduced Snail causes reduced Ercc1 expression in Smad4 −/− keratinocytes, we overexpressed human Snail in WT and Smad4 −/− keratinocytes and observed that Ercc1 transcripts were up regulated in Snai1 transfected WT and Smad4 −/− keratinocytes ( Figure  4c ). Expression of human Snai1 mRNA was equivalent in the two cell lines upon transfection ( Figure S3 ). Because Snail has been shown to induce Ercc1 expression in head and neck cancer (Hsu et al., 2010) , we examined if Smad4 loss causes reduced Snail binding to Ercc1 regulatory elements. Using chromatin immunoprecipitation assays, we detected direct Snail binding to the Ercc1 regulatory region encompassing the putative Snail binding sites at 124-129 bp (Site1, Sup. Figure 4a ), 276-281 bp, and 300-305 bp (Site 2, Figure  S4a ) from the TSS of the mouse Ercc1 gene. The locations of the Snail binding sites in the mouse Ercc1 gene are similar to those in the human Ercc1 gene, where they are important for Snail-mediated transcription (Hsu et al., 2010) . Snail binding to the Ercc1 regulatory region was decreased to 35% at site 1 and 32% at site 2 in Smad4 −/− keratinocytes prior to UV irradiation (Figure 4d, Figure S4b ). In UV-irradiated WT keratinocytes, similar to Snail mRNA levels (Figure 4a ), Snail binding to both sites was significantly increased at 12 and 24 hours, compared to non-irradiated keratinocytes (Figure 4d ). Although Snail binding at both sites was also increased in UV-irradiated Smad4 −/− keratinocytes compared to nonirradiated Smad4 −/− keratinocytes, its binding levels were significantly lower than in WT keratinocytes at both 12 and 24 hours (Figure 4d ). Collectively, these results suggest that reduced Snail levels in K14.Smad4 −/− skin lead to reduced Ercc1 transcription.
Restoration of Snail or Ercc1 expression in Smad4 −/− keratinocytes rescues DNA repair defect
We assessed if Snail restoration in Smad4 −/− keratinocytes could attenuate defects in repair of UV-induced DNA damage. WT and Smad4 −/− keratinocytes were transfected with a human Snail expression plasmid or empty vector, irradiated with UVB, and CPD level was measured by ELISA at different time points during recovery of these cells. Remarkably, we observed a dramatic decrease in CPD adducts upon Snai1 transfection in Smad4 −/− cells at 1 and 3 hour time points following UV irradiation (Figure 4e ).
Subsequently, we examined the contribution of reduced Ercc1 expression to the DNA repair defect in Smad4 −/− cells. Transfection of human Ercc1 expression vector into Smad4 −/− keratinocytes led to a dramatic reduction of CPD level at 1 and 3 hours following UV irradiation, compared to empty vector transfected keratinocytes (Figure 4f ), suggesting that reduced Ercc1 is a major contributor to the DNA repair defect observed in these cells (Figure 4f ).
Expression of Smad4 is associated with expression of Snail and Ercc1 proteins in human skin SCC and actinic keratoses (AK)
Data from our mouse model suggest that Smad4 mediated Snail expression leads to Ercc1 expression. If this finding applies to human SCCs, we would expect the presence of Smad4 protein to be associated with the presence of Snail and Ercc1 proteins, and conversely the absence of Smad4 to be associated with the absence of Snail and Ercc1. Immunostaining in a tissue array with 76 skin SCC samples showed Smad4 expression was lost in 47/76 (62%) cases, consistent with our previous report (Hoot et al., 2008) , and 43/76 (57%) cases expressed Ercc1 (Figure 5a , b, Table S1 ). Consistent with our previous report (Hoot et al., 2008) , a majority of cases (57/76, 75%) were Snail positive. We observed a statistically significant association between expression of Smad4 and Snail proteins in SCC. Further, most cases positive for Snail (67%) were also positive for Ercc1 and conversely, most cases negative for Snail (74%) were also negative for Ercc1. Finally, we found a statistically significant association between expression of Smad4 and Ercc1 proteins. Most Smad4 positive cases (86%) were also positive for Ercc1 and conversely, the majority of Smad4 negative cases (60%) were Ercc1 negative.
To further determine if the above associations occur in the early stages of skin carcinogenesis thereby suggesting a causal role of Smad4 loss-mediated DNA damage in skin carcinogenesis, we performed the above immunostaining in 28 human AK samples (Figure 5c , d, Table S1 ). We found loss of Smad4 protein in 16/28 (57%) AK cases, suggesting Smad4 loss is an early event during UV-induced skin carcinogenesis, similar to our findings in head and neck cancer (Bornstein et al., 2009 ). Analogous to our above observations in SCC, we observed statistically significant associations between expression of i) Smad4 and Snail ii) Snail and Ercc1 and iii) Smad4 and Ercc1 proteins.
Discussion
In the present study we examined the contribution of Ercc1 to UV-induced skin cancer. Among molecules related to UV-induced DNA repair, Ercc1 was the most down regulated in Smad4 −/− keratinocytes, and transfection of an Ercc1 plasmid into these cells rescued their defective repair of UV-induced CPDs, suggesting that Ercc1 is an important contributor to the UV-susceptibility of K14.Smad4 −/− mice. Several other DNA repair genes that are down regulated in Smad4 −/− keratinocytes have also been reported to regulate DNA damage signaling, cell cycle checkpoints, chromatin assembly after DNA damage, and DSB repair (Chen and Sanchez, 2004; Martini et al., 1998; Niida and Nakanishi, 2006; Olson et al., 2007; Sertic et al., 2011) . It remains to be determined whether reduced levels of these genes contribute to the increased susceptibility to UV-induced skin cancer in K14.Smad4 −/− mice.
Our data suggest that Smad4-dependent Snai1 expression is one of the major mechanisms inducing Ercc1 expression during UV carcinogenesis. First, loss of Smad4 led to reduced Snai1 expression and reduced Snail binding to the Ercc1 regulatory binding sites; second, Snail activated Ercc1 expression in keratinocytes. Third, we observed co-expression of Smad4, Snail and Ercc1 proteins in human skin SCCs and precancerous AKs. Similar expression patterns of Snail and Ercc1 have also been observed in head and neck cancer, and bladder cancer (Hsu et al., 2010; Kawashima et al., 2012) . Thus, Snail regulated Ercc1 expression may occur broadly in human cancers.
Snail is an important mediator of epithelial to mesenchymal transition (EMT) and thereby plays key roles in normal morphogenetic movements in the embryo and cancer cell migration promoting metastasis in a variety of tumor types, including skin cancer (Batlle et al., 2000; Cano et al., 2000) . Additionally, Snail is shown to promote skin cancer through inducing inflammation (Du et al., 2010) . Thus, Snail is considered an oncogenic molecule. Our finding that Snai1 expression and Snail binding to the Ercc1 promoter and induction of Ercc1 expression are stimulated by UV-irradiation suggests Snail plays a dual role in UVinduced skin carcinogenesis. On one hand, it promotes Ercc1 mediated DNA repair, thereby inhibiting mutagenesis caused by UV radiation. Consistent with our observation, embryonic fibroblasts, from a Snail transgenic mouse expressing Snail at a level 20% higher than the endogenous level, are more resistant to DNA damaging γ radiation (Perez-Mancera et al., 2005) . On the other hand, in later stages of cancer, when cancer cells have accumulated multiple mutations, Snail-induced DNA repair may trigger resistance to DNA damaging therapeutic agents. Supporting this notion, co-expression of Ercc1 and Snail correlates with resistance to the chemotherapeutic agent cisplatin, and poor prognosis in head and neck cancer (Hsu et al., 2010) . Similarly, overexpression of Snail in breast cancer cells confers protection against the DNA damaging effect of topoisomerase inhibitor (Kajita et al., 2004) .
In summary, we identified a role of Smad4 in regulation of Ercc1 expression through Snailmediated transcriptional regulation of Ercc1. We also ascertained a role of Snail in promoting repair of UV-induced DNA damage via regulation of Ercc1 expression. Loss of Smad4 expression in the epidermis leads to a reduced level of Ercc1, resulting in defective DNA repair in the epidermis after UV irradiation. Abrogation of DNA repair is likely to cause accumulation of UV-induced mutations in K14.Smad4 −/− skin and ultimately lead to carcinogenesis. Our work necessitates further investigation of the stage-specific effects of Smad4, Snail and Ercc1-associated DNA repair in cancer initiation and progression, and its influence on the response of cancer cells to therapies using DNA damaging agents.
Materials and Methods

Mouse model
The generation of K14.CrePR1 and Smad4 fl/fl mice has been described previously (Berton et al., 2000; Yang et al., 2002) . Bigenic mice K14.CrePR1/Smad4 fl/fl were generated by mating K14.CrePR1 mice with Smad4 fl/fl mice. Genotype was determined by PCR as described previously (Berton et al., 2000; Yang et al., 2002) . Keratinocyte specific Smad4 deletion was achieved in K14.Cre/Smad4 fl/fl mice by topical application of RU486 for 5 days, when mice were 8 weeks old (Owens et al., 2008) . Animal experiments and care were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver, Anschutz Medical Campus.
UV irradiation of mice-Mice were exposed to UV radiation beginning 3 months of age in a cabinet (Daavlin, Bryan) for 40 weeks and the dosage was increased gradually as depicted in Supplementary Figure 1 .
Tumor histology-Skin and tumor samples were fixed in neutral buffered formalin overnight, embedded, sectioned and stained with Hematoxylin and Eosin (H&E) as previously described . Tumor types were determined by H&E analysis using criteria defined previously (Aldaz et al., 1987) .
Immunohistochemistry (IHC) and Immunofluorescence
Immunostaining was performed as previously described (Han et al., 2005) . Sections were incubated with an antibody overnight at 4°C as follows: anti-Phospho-Histone2AX (1:100, Cell Signaling, Danvers), anti-Ercc1 (1:100, Santa Cruz Biotechnology, Santa Cruz), antiSmad4 (1:20, Santa Cruz Biotechnology, Santa Cruz) for mouse sections, anti-Smad4 (1:50, Epitomics, Burlingame) for human tissue sections, anti-Snail (1:50, Abcam, Cambridge). The human skin SCC tumor array SK802 (U.S. Biomax, Rockville) was used. The Department of Dermatopathology, Shanghai Skin Diseases Hospital provided human AK samples as de-identified archived paraffin sections. For IHC, sections were incubated with biotinylated secondary antibodies (1:400) and avidin-peroxidase (Vector Laboratories, Burlingame). Immunostaining was visualized using diaminobenzidine (DAKO, Denmark). For immunofluorescence, Alexa Fluor 488 and 594 labeled secondary antibodies (Life Technologies, Grand Island) were used.
Keratinocyte culture
Primary WT and Smad4 −/− keratinocytes were generated from the above mice as described previously (Han et al., 2006) . Keratinocytes in culture were irradiated with 60 mJ/cm 2 of UVB, culture medium (Lonza, Switzerland) was replaced with fresh medium and cells were incubated in a 5% CO 2 incubator for the indicated time period.
Comet assay
Oxiselect Comet assay kit (Cell Biolabs, San Diego) was used according to the manufacturer's instructions. DNA was stained with Vista Green, and quantification of the comet tail moment was done using CASP software.
RNA Extraction and Quantitative PCR
Total RNA was extracted from mouse skin and tumors in Trizol (Life Technologies, Grand Island) as described previously (Hoot et al., 2008) . RNA extraction from cultured keratinocytes was performed using the RNAeasy kit (Qiagen, Valencia). Total RNA was reverse transcribed using Superscript III First Strand Synthesis System (Life Technologies, Grand Island) followed by quantitative PCR using SYBR Green master mix (Life Technologies, Grand Island) using primers listed in Supplementary table 2. Alternatively, RT-qPCR was done using primers listed in Supplementary table 3 and Brilliant qRTPCR mix (Agilent technologies, Santa Clara). A mouse DNA damage signaling pathway (SA Biosciences, Valencia) PCR array was used. For each genotype, three to seven samples were analyzed and gene expression was normalized to GAPDH or 18S rRNA.
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as previously described (Hoot et al., 2010) . Briefly, cultured WT and Smad4 −/− keratinocytes were crosslinked with 1% formaldehyde, genomic DNA was sheared in cell lysate by sonication, immunoprecipitation was performed at 4°C overnight with 4Pg of antibody to Snail (Abcam, Cambridge) or normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz). This was followed by crosslink reversal, DNA purification and quantitative PCR using primers listed in Supplementary Table 4 . Enrichment of Snail at the Ercc1 regulatory region was obtained by normalizing the relative level of the Ercc1 regulatory region in the output (immunoprecipitated DNA) to the relative level of an intergenic region (lacking Snail binding sites) in the output. The relative level of the Ercc1 regulatory region in the output was determined by normalizing the level of the Ercc1 regulatory region in the output to that in the input.
Transfection of keratinocytes
WT and Smad4 −/− keratinocytes were transfected with 5μg of pEGFPC2-SNAI1 (Addgene, 16225) or pEGFP (Lonza, Switzerland) or pCMVFlagErcc1 using the Epithelial Cell Nucleofection kit (Lonza) following the Amaxa nucleofector program M-005 (Lonza, Switzerland). Cells were harvested 72 hours post transfection, RNA was extracted and quantitative RTPCR was performed as above.
CPD ELISA
WT and Smad4 −/− keratinocytes were exposed to UVB radiation at 60mJ/cm 2 , and samples were harvested at different time points after treatment. Genomic DNA was extracted using the DNeasy kit (Qiagen, Valencia) and ELISA was performed using the Oxiselect UVinduced DNA damage ELISA kit for CPD quantitation (Cell Biolabs, San Diego).
Statistics
The student's t test was used to analyze data from qRT-PCR, comet assay and CPD ELISA to determine statistical significance of results. Fisher's exact test was used to analyze data from IHC staining of human skin SCC and AK samples. 
